ABSTRACT While many functional elements of the meiotic process are well characterized in model organisms, the genetic basis of most of the natural phenotypic variation observed in meiotic pathways has not been determined. To begin to address this issue, we characterized patterns of polymorphism and divergence in the protein-coding regions of 33 genes across 31 lines of Drosophila melanogaster and 6 lines of Drosophila simulans. We sequenced genes known to be involved in chromosome segregation, recombination, DNA repair, and related heterochromatin binding. As expected, we found several of the genes to be highly conserved, consistent with purifying selection. However, a subset of genes showed patterns of polymorphism and divergence typical of other types of natural selection. Moreover, several intriguing differences between the two Drosophila lineages were evident: along the D. simulans lineage we consistently found evidence of adaptive protein evolution, whereas along the D. melanogaster lineage several loci exhibited patterns consistent with the maintenance of protein variation.
M
EIOSIS is an essential part of sexual reproduction. While many meiotic pathways and genes are highly conserved across distantly related eukaryotes, others appear to diverge quite rapidly, even among individuals of the same species (for a review, see Gerton and Hawley 2005) . For example, chiasmata are required for the proper segregation of meiotic homologs in most sexual organisms, and the main proteins mediating this process, such as the homologs of spo11 and Rad51, are ubiquitous (Zickler and Kleckner 1999) . However, alternative systems that successfully segregate chromosomes in the absence of crossing over have evolved in several species (e.g., White 1973; Hawley et al. 1992) , and it is possible that the evolution of lineagespecific genes has accompanied the appearance of these achiasmate pathways.
Recent studies have provided evidence that sequence variation in genes regulating meiosis can explain a portion of the variation in the fidelity of chromosome segregation found in natural populations. For example, Zwick et al. (1999) detected genetic variation in rates of nondisjunction among naturally occurring variants of nod, a chromokinesin required for achiasmate chromosome segregation in Drosophila melanogaster (Baker and Carpenter 1972; Carpenter 1973; Afshar et al. 1995a, b; Coop et al. 2008; Kong et al. 2008) . In particular, they found two intermediate-frequency variants that were significantly associated with increased levels of female achiasmate nondisjunction in a sensitized background. To resolve this paradox (apparently deleterious alleles segregating at intermediate frequencies), they invoked the presence of true meiotic drive elements and their modifiers.
True meiotic drive can occur when meiosis is asymmetric, in the sense that all of the meiotic products are not included in the pronucleus of a gamete, as is the case in female multicellular eukaryotes (Sandler and Novitski 1957) . Any variant that can increase a chromosome's probability of becoming part of the pronucleus therefore confers an immediate selective advantage. Zwick et al. (1999) argued that if a drive element (or its modifier) confers a deleterious pleiotropic effect, such as a high rate of chromosome nondisjunction, its selective advantage may be outweighed by its deleterious effect when it reaches intermediate or high frequencies in a population. Indeed, it is expected that many components of the meiotic pathway may experience strong selective pressure for faithful and accurate transmission of meiotic products every generation. Such factors are predicted to affect the relative fitness of a drive element by suppressing its segregation advantage (Sandler and Novitski 1957; Hiraizumi et al. 1960; Charlesworth and Hartl 1978; Zwick et al. 1999) . Under these circumstances, a drive element would rarely fix, and a high level of nondisjunction, along with polymorphism at the driving and modifier loci, such as that observed for nod, would be maintained.
This interplay between meiotic drive and fidelity has also been invoked to explain the rapid evolution of Drosophila centromeric DNA .
The observation of a high rate of turnover in centromere satellite composition accompanied by rapid protein evolution at the centromere-specific histone, cid, led investigators to propose a coevolution scenario, wherein centromere sequence evolution, spurred by meiotic drive, is tracked by evolution at the cid locus (Csink and Henikoff 1998; Malik and Henikoff 2001; Malik and Henikoff 2002) . Indeed, genetic evidence from several species has demonstrated that centromeres can differ in their relative ''strengths'' during meiosis (e.g., Novitski 1955; Dawe and Cande 1996; PardoManuel De Villena and Sapienza 2001) . If the meiotic competition among centromeres produces deleterious effects, such as increased rates of nondisjunction, that can be suppressed to some extent by the protein encoded by cid, then periodic selective sweeps at both the centromeric sequence and the coevolving cid locus are predicted .
In addition, Novitski (1951) provided evidence that distal chromosomal regions can alter a chromosome's probability of inclusion into the pronucleus of the Drosophila oocyte. Using females heterozygous for a chromosome rearrangement that created homologs of unequal lengths, he showed .50% transmission of the shorter homolog. Novitski (1951) referred to this phenomenon as nonrandom disjunction, a form of true meiotic drive. His result suggested that natural telomeres may also differ in their abilities to orient and move toward the pronucleus during female meiosis.
Despite these compelling examples, the magnitude and genetic basis of naturally occurring phenotypic variation in meiotic pathways has not been determined. For example, within a species the rate of crossing over can vary dramatically among different regions of the genome, among different sexes, and among individuals of the same sex (e.g., Lindsley and Sandler 1977; Sniegowski et al. 1994; Takano-Shimizu 1999; Lynn et al. 2004) . Moreover, the frequency and distribution of chiasmata may vary among individuals and between closely related species (Ohnishi and Voelker 1979; True et al. 1996; Ptak et al. 2005; Coop et al. 2008; Kong et al. 2008) . Although genetic analysis of mutants has identified many of the genes required for meiosis, little is known about their patterns of polymorphism and divergence.
To provide a sound population genetics foundation for the investigation of meiotic processes shaping variation in eukaryotic genomes, we have characterized patterns of polymorphism and divergence in the proteincoding regions of 33 meiotic genes across 21 lines of North American D. melanogaster, 10 lines of African D. melanogaster, and 6 lines of Drosophila simulans. We include the African population sample as D. melanogaster is thought to have originated in Africa and only very recently has spread around the world and into more temperate locations, such as North America (David and Capy 1988; Lachaise et al. 1988) . We therefore expect to capture a more complete picture of variation from our African sample, and we expect this sample to be at or close to demographic equilibrium. Table 1 lists the genes in our survey and the pathways in which they are involved. We chose genes that have been shown to be involved in chromosome segregation, crossover regulation, double-strand break (DSB) formation, double-strand break repair, and heterochromatin binding. All of the genes encode products with important roles during meiosis, and many have well-characterized homologs in other model organisms. In addition, we chose a subset of heterochromatinbinding proteins on the basis of their roles in telomere 
MATERIALS AND METHODS
CS, chromosome segregation; AS, achiasmate segregation; CR, crossover regulation, DSBF, double-strand-break formation; HB, heterochromatin binding, Rec/Rep, recombination/repair; SCC, sister-chromatid cohesion; SA, spindle assembly; and TM, telomere maintenance. Meiosis lineagespecific (LS) genes are labeled. Genes possessing orthologs are labeled with their common name, if one exists, or with ''ortholog'' under the ''Class'' heading. Genes with an ambiguous class status are left unlabeled.
protection. As mentioned above, it has been shown that distinct telomeric structures can differentially influence the outcome of transmission, as measured in nonrandom disjunction assays (i.e., telomeres may be meiotic drivers; Novitski 1951) . Therefore, proteins that are acting to maintain telomeres may also play a role in modifying the transmission behavior/effects of telomeres, leading to unusual patterns of polymorphism and divergence. We chose cav as it has been shown by Schmid and Tautz (1997) to be one of the most rapidly evolving genes in Drosophila and appears to be involved in telomere protection; tefu, Ku80, mre11, and rad50 are all involved in both DSB repair and telomere protection (Badugu et al. 2003; Ciapponi et al. 2004; Oikemus et al. 2004; Bi et al. 2005; Melnikova et al. 2005) ; and HP1, encoded by Su(var)205, is a ubiquitous heterochromatin-associated protein and one of its functions is telomere protection (Fanti et al. 1998) .
For each locus, we obtained at least 800 bp of DNA sequence data from 21 North American lines and 10 African lines (provenance information provided as supplemental material). Most of the data are from coding regions; the noncoding data are not included in our analyses, as the number of sites is small for most genes. In addition, we obtained sequence data from 6 lines of D. simulans using data from the Washington University Genome Sequencing Center (http:/ / www.genome.wustl.edu) and alignments from Begun et al. (2007) ; we then generated our own data to fill in any gaps in these sequences. Note that these lines of D. simulans are from different populations. We also used sequence data from the Washington University Genome Sequencing Center to include one allele of Drosophila yakuba in our divergence analyses using alignments provided by Begun et al. (2007) .
DNA templates were prepared from bulk preps using CsCl gradient purification. Primers were designed for each gene with the Primer3 program (Rozen and Skaletsky 2000) . DNA amplification was conducted using standard protocols, and unincorporated primers were removed using PCR purification columns (Qiagen). Sequencing of both strands was performed on an ABI 3730 capillary sequencer (http:/ /www. appliedbiosystems.com) off of the PCR primers.
Sequence assembly for each gene was conducted using a set of perl scripts that carried out the following steps (all scripts available upon request from wdg@stowers-institute.org). First, each allele was individually assembled using Phred/Phrap/ Consed Gordon et al. 1998) . To facilitate this, a read based on the reference sequence carrying the coding/noncoding sequence annotation as a series of Consed tags and a sequence quality of 0 for all positions was included. The assembly consensus sequence for each allele was then exported to Fasta format and aligned using ClustalW (Thompson et al. 1994) . This alignment was then converted back into a Consed-readable file, which reconnected the annotations and the Phrap quality scores for each line. Sequence quality for all lines could then be examined simultaneously, allowing for efficient identification of regions in which additional sequence data were needed. The alignment was then trimmed at the ends, all low-quality base calls (defined as those positions where Phrap scores were ,25) were converted to N's, and the alignment with annotated coding positions was exported to a Nexus file for subsequent analyses.
We used DnaSP 4.0 (Rozas et al. 2003) to estimate p, or the average number of pairwise differences per nucleotide, as well as the average per-site pairwise sequence difference. Pairwise divergence was measured between D. melanogaster and D. simulans, as well as between both of these species and D. yakuba. In addition, PAML's codeml was used to estimate polarized rates of nonsynonymous and synonymous divergence (d N and d S ) for each of the three lineages (Yang 1997) . We also used DnaSP to estimate F ST , K ST *, and S NN , all measures of population differentiation between the North American and African samples (http:/ /www.ub.es/dnasp/ DnaSP32Inf.html; Hudson et al. 1992a,b; Hudson 2000) . Note that divergence between D. melanogaster and D. simulans was measured using the African D. melanogaster sample. However, both samples from D. melanogaster were included in all other analyses.
We estimated Tajima's D to test for deviations from a neutral, equilibrium frequency spectrum in the two D. melanogaster samples (Tajima 1989) . We also conducted both unpolarized and polarized McDonald-Kreitman tests (McDonald and Kreitman 1991) . McDonald-Kreitman tests were not conducted for genes showing six or fewer polymorphisms. For unpolarized tests, the number of segregating sites contributed by one species population was compared to the number of fixed differences between two species for each of the genes. Data from both populations of D. melanogaster as well as D. simulans data were included in these tests. We report results of D. melanogaster analyses using data from each population sample separately, as well as using the combined data from the two samples. We also conducted unpolarized tests in which we pooled the polymorphism data from both species. This set of tests added no new information (relative to the former set of tests in which polymorphism data were not pooled across species) and, in fact, sometimes obscured interesting speciesspecific patterns of polymorphism. For these reasons, we do not include these tests in our results. For our polarized tests, we used D. yakuba to polarize changes along the D. melanogaster and D. simulans lineages. This kind of test can potentially be more informative than the unpolarized tests, as it assigns mutations to specific lineages.
RESULTS

McDonald-Kreitman tests:
The results of the McDonald-Kreitman tests speak directly to our predictions that meiosis genes may often be associated with adaptive protein divergence or excess amino polymorphism (see above). Indeed, these tests revealed that the patterns of polymorphism and divergence for the data set as a whole and for several individual meiotic loci were consistent with our predictions.
We first pooled polarized polymorphism and divergence counts across the 33 genes to test for departures from neutrality in our entire gene set (Table 2 ; contingency tables for each of the genes are available in the supplemental data). Note that for the pooled analyses we combined counts of polarized mutations. We found that D. simulans exhibits a significantly heterogeneous distribution of synonymous and nonsynonymous polymorphism and divergence (Table 2C; x 2 ¼ 27.42; P , 0.0001; d.f. ¼ 1), while African D. melanogaster exhibits a nearly significantly heterogeneous distribution (Table  2B; x 2 ¼ 3.37, P ¼ 0.067, d.f. ¼ 1). In both cases, there was an apparent excess of replacement substitutions, consistent with adaptive protein divergence (see Table  2 , B and C). In contrast, the distribution observed for North American D. melanogaster was not significantly different from the neutral expectation (Table 2A ;
Importantly, it is possible that the non-neutral distribution of polymorphism and divergence observed for D. simulans is due to an excess of silent polymorphisms, rather than an excess of replacement fixations. In fact, several data sets suggest that slightly deleterious, unpreferred polymorphisms are a significant contributor to silent polymorphism in this species (Akashi 1995; Begun et al. 2007 ). To investigate this possibility, we compared counts of replacement polymorphisms and fixations from our meiosis genes to counts of intronic polymorphisms (366) and fixations (161) from those same genes (data from Begun et al. 2007) . We found that the pattern of adaptive protein divergence in our meiosis data set is even stronger when using intron data (x 2 ¼ 28.1, P , 0.0001).
When examining patterns of polymorphism and divergence in individual genes, we conducted tests with both polarized and unpolarized mutations; here we report the results of the unpolarized, or pairwise, McDonaldKreitman tests, as they tend to be more powerful than polarized tests because the divergence data from both species are pooled. Moreover, the patterns revealed by the two kinds of tests were very similar (see supplemental Table S1 for the P-values of the unpolarized set of tests, the neutrality index (NI; Rand and Kann 1996) , and the total number of tests conducted for each lineage; similarly, see supplemental Table S2 for the P-values and total number of tests for the polarized set of tests.) For the unpolarized set of tests, six of the genes showed significant deviations from neutrality (Table 3) . Overall, D. simulans exhibited significant heterogeneity at four of the six genes and the D. melanogaster samples together showed significant tests for four of the six genes (see Table 3 ). In D. simulans, all of the significant genes deviated in the direction of excess replacement divergence (see Table 3 ). However, two genes showed a distinctly different signature in D. melanogaster: excess amino acid polymorphism (mre11 and rad50; see Table 3 ).
To control for multiple comparisons, we calculated the false discovery rate following Benjamini and Hochberg (1995) . None of the genes remained significant using this criterion. However, the total number of significant tests exceeded the number expected by chance (P , 0.05). For the unpolarized set of tests, D. simulans (n ¼ 31, significant tests ¼ 4) and North American D. melanogaster (n ¼ 22, significant tests ¼ 3) exceeded the number expected under neutrality, while for the polarized test set (see supplemental Table S2 ) D. simulans (n ¼ 24, significant tests ¼ 2) and African D. melanogaster (n ¼ 17, significant tests ¼ 1) exceeded this expectation.
Heterozygosity and divergence: Estimates of heterozygosity and divergence per gene are provided in supplemental Tables S3-S6 . From a whole-genome perspective, estimates of expected heterozygosity are generally higher in D. simulans relative to D. melanogaster (e.g., Aquadro et al. 1988; Moriyama and Powell 1996) . Within D. melanogaster, African populations show more variation than non-African populations (e.g., Andolfatto 2001; Haddrill et al. 2005) . However, estimates of silent and replacement divergence appear to be higher along the D. melanogaster lineage, relative to D. simulans (Akashi Too many R fixations* Too many R fixations** ord Too many R fixations** rad50 c R refers to replacement or nonsynonymous. *P , 0.05; **P , 0.01. a Significant at the P , 0.01 level in the direction of too many R fixations in the combined analysis of North American and African D. melanogaster. b Significant at the P , 0.05 level in the direction of too many R fixations in the combined analysis of North American and African D. melanogaster. c Significant at the P , 0.05 level in the direction of too many R polymorphisms in the combined analysis of North American and African D. melanogaster. Begun et al. 2007 ). These general patterns were also found in our meiosis data set, and we discuss them in greater detail below. Table 4 reports mean estimates of the expected synonymous and nonsynonymous heterozygosity per nucleotide site (p S and p N ) and of the polarized synonymous and nonsynonymous divergence (d S and d N ) for our set of 33 genes. To provide a point of comparison, Table 4 also reports the genomewide means of these parameters, revealing that synonymous and nonsynonymous heterozygosity were higher in the meiosis gene set compared to the genome as a whole in both D. melanogaster and D. simulans (data are from Begun et al. 2007 ). This trend is especially clear from the North American D. melanogaster and D. simulans data, for which genomewide estimates are available (from Andolfatto 2001; Begun et al. 2007 ). Moreover, estimates of replacement divergence were almost twice as high in the meiosis gene set compared to the genomewide average for both species.
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When we divide the data into lineage-specific and ortholog partitions (see Table 1 ), we see evidence of higher levels of protein divergence in the lineage-specific subset relative to the ortholog subset in all three population samples (Table 5) . Interestingly, the estimate of amino acid divergence for the D. simulans lineage-specific partition is over three times higher than the estimate for the ortholog partition. In contrast, amino acid divergence estimates for the two D. melanogaster populations are closer to two times as high as the ortholog partition.
Site-frequency spectrum: Supplemental Table S7 reports Tajima's D values. This statistic measures the deviation of the site-frequency spectrum from that predicted by the neutral theory (Tajima 1989) . Only two genes, Axs and smc1, were significant; both showed positive Tajima's D values in the North American sample. This result is indicative of a skew toward too many common alleles in North America.
Population subdivision: Estimates of population subdivision between North America and Africa are reported in supplemental Table S8 . Five genes in our set showed F ST values $0.35. When we compared our estimates to those reported in Haddrill et al. (2005) , the meiosis gene set as a whole exhibited fairly typical levels of differentiation between North American and African populations. Interestingly, mei-P26, an X-linked gene in a region of normal crossing over, showed an extremely high F ST value of 0.79. Two silent sites within mei-P26 have fixed variants that are unique to the African sample; it appears that D. simulans and North American D. melanogaster share the ancestral state at these sites, and all of the African D. melanogaster alleles possess a derived state.
DISCUSSION
In an effort to establish a population genetic foundation for the investigation of naturally occurring variation in meiotic functions, we surveyed patterns of polymorphism and divergence across 33 candidate meiotic and related heterochromatin-binding loci in D. melanogaster and D. simulans. In addition to characterizing several highly conserved genes, we discovered a subset of genes showing patterns consistent with rapid protein evolution as well as a subset containing an excess of amino acid polymorphism. Beyond this heterogeneity, we observed strikingly higher levels of mean nonsynonymous divergence relative to genomewide averages in both North American D. melanogaster and D. simulans, and we detected unusually high levels of population structure between North American and African samples at several loci. Population sample differences: Although patterns of polymorphism and divergence in the meiosis gene set were striking in all three population samples, several differences were evident. For example, when we pooled polarized counts of polymorphisms and fixations across the entire data set, we found evidence for adaptive protein divergence in D. simulans but not in the two D. melanogaster samples. These differences could be attributed to several factors. For example, relative to both samples of D. melanogaster, there were more D. simulans variants in the pooled gene data set, consistent with previous studies that have uncovered higher levels of heterozygosity in D. simulans compared to D. melanogaster (e.g., Aquadro et al. 1988; Moriyama and Powell 1996) . As a consequence, there is additional power to reject the null hypothesis of neutrality in D. simulans. This is consistent with the observation that heterogeneity for the entire gene set was found to be nearly statistically significant in the African D. melanogaster sample, which contained more pooled variants than the North American sample. In addition, we observed an apparent excess of amino acid polymorphism at several D. melanogaster loci, especially in the North American sample. Thus, in the pooled analyses any signal of adaptive protein divergence along the D. melanogaster lineage could have been counterbalanced by the excess of amino acid polymorphism.
Related to this is the possibility that the observed differences may reflect disparate selective regimes being imposed on the different populations. In fact, North American D. melanogaster showed a tendency toward an excess of genes exhibiting too many amino acid polymorphisms, whereas D. simulans (and to some extent African D. melanogaster) tended toward an excess of genes exhibiting too many amino acid fixations. This pattern was also evident when we calculated the NI, a qualitative indication of the direction and degree of departure from neutrality (Rand and Kann 1996 ; see supplemental Table S1 ). NI values .1.0 indicate a tendency to show an excess of amino acid polymorphism, whereas values ,1.0 suggest an excess of divergent amino acid substitutions (Rand and Kann 1996) . Comparison of the entire set of NI values for all three populations revealed that the North American D. melanogaster-D. simulans contrast is nearly significantly different (x 2 ¼ 3.20, P ¼ 0.074). Indeed, North American D. melanogaster showed a greater proportion of NI values .1.0 (14/26), whereas D. simulans showed a greater proportion ,1.0 (8/27; see supplemental Table  S1 ). The North American-African D. melanogaster contrast was less striking, although like D. simulans, African D. melanogaster showed a greater proportion of NI values ,1.0 (9/25; see supplemental Table S1 ).
As discussed above, depending on the fitness effects of meiotic drive variants as well as their modifiers, both observations of adaptive protein divergence and excess protein polymorphism may be consistent with the presence of such elements in populations of D. simulans and D. melanogaster. Indeed, one can imagine a scenario in which competition for preferential meiotic transmission may drive the sequential fixation of different drivers if the fitness landscape is such that only a single type is most fit at any particular point in time. As different variants enter the population, relative fitnesses may shift, allowing other variants to sweep through. Such a scenario of directional selection due to meiotic drive is consistent with the general pattern of adaptive protein divergence seen in D. simulans. Alternatively, North American D. melanogaster drive elements may be experiencing balancing selection where the fitness varies over time so that a variant rarely fixes, predicting the presence of several common drivers as well as their meiotic modifiers (Sandler and Novitski 1957) . Regardless of the explanation(s), it is clear that our data set contains several potentially important patterns that merit further investigation.
Individual genes: A total of six genes exhibited significantly non-neutral patterns of polymorphism and divergence in one or more of the population samples (Table 3) . Although we cannot assert that all of these genes have experienced non-neutral forces in their histories (multiple test problem), we did observe a greater number of significant tests than expected by chance. It is also important to note that for 1 of the 33 total genes we did not observe a sufficient number of polymorphisms to conduct any McDonald-Kreitman tests (see materials and methods). Similarly, for 9 of the 33 genes, we were able to conduct tests in only one of the population samples (see contingency tables and supplemental Table S1 ). Clearly then, additional data will be necessary to complete this story. At this point in time, however, we can conclude that meiotic genes tend to show non-neutral patterns of evolution. Perhaps significantly, it appears that our 6 significant genes fall into two major functional categories: telomere binding/ maintenance and chromosome segregation. Intriguingly, Turner et al. (2008) recently reported strong differentiation at telomere-binding and chromosome segregation loci between temperate and subtropical populations of D. melanogaster.
Telomere binding: As is true for many eukaryotes, the significant telomere-binding genes identified in this study are known to have roles in DNA metabolism as well. For example, the protein products of the mre11 and rad50 genes form a complex involved in several DNA repair pathways (Ciapponi et al. 2004 ; for a recent review, see Cahill et al. 2006) , and they also play a prominent role in Drosophila telomere maintenance by regulating the localization of the telomere-capping proteins, HOAP and HP1, to the ends of chromosomes (Bi et al. 2004; Ciapponi et al. 2004) . In this study, mre11 exhibited excess amino acid polymorphism in the North American D. melanogaster sample, while rad50 showed excess amino acid polymorphism in the combined North American and African D. melanogaster samples. It is possible that distinct telomere structures are bound more (or less) efficiently by different variants of these telomere proteins, leading to the maintenance of amino acid variation at these loci. Two pieces of data support this scenario: first, we find that all of the replacement polymorphisms in the North American population fall within the mre11 DNA-binding domain of the protein (the situation is less clear for rad50), and second, high levels of polymorphism have been observed in D. melanogaster subtelomeric regions (Anderson et al. 2008) .
Ku80 is also involved in both DNA repair and telomere maintenance (for a recent review, see Slijepcevic and Al-Wahiby 2005; Melnikova et al. 2005) . In contrast to mre11 and rad50, however, the protein product of Ku80, along with Ku70, regulates Drosophila telomere length (Melnikova et al. 2005) . Evidence of too many amino acid fixations along the D. simulans lineage may be consistent with Ku80 modifying the effects of telomeric meiotic drivers in this species. In fact, as described above, Novitski (1951) showed that the lengths of distal chromosomal regions can alter a chromosome's probability of inclusion into the pronucleus of the Drosophila oocyte. Consistent with this scenario of different subtelomeric variants sweeping through the population, J. A. Anderson, S. E. Celniker and C. H. Langley (unpublished results) found that much of the subtelomeric region exhibits rapid divergence in both D. melanogaster and D. simulans. They, too, found evidence of strong differentiation between temperate and subtropical populations for these categories.
Chromosome segregation: The significant genes functioning in chromosome segregation act through distinct pathways. Both protein products of the genes mtrm and ord are involved in pairing during chromosome segregation. Mutant alleles of mtrm show dominant disruption of achiasmate segregation, whereas ord has been shown to be involved in both male and female chromosome segregation (Miyazaki and Orr-Weaver 1992; reviewed in McKim et al. 2002) . The phenotypes of both of these mutants show increased levels of meiotic chromosome nondisjunction, and the sequences of both genes exhibit elevated amino acid divergence in D. simulans and D. melanogaster, again suggesting that they may act to modify the effects of meiotic drive elements.
Remarkably, evidence of rapid protein evolution was found in all analyses for Klp3A (see Table 3 ). The protein encoded by this locus is known to be a kinesin motor, serving roles in both meiosis and mitosis (Williams et al. 1997) . The major meiotic defect observed in Klp3A mutants is the failure either of the female pronucleus to be specified or of the migration of the male and female pronuclei toward each other (Williams et al. 1997 ). In addition, Cook et al. (1997) identified Klp3A as among the set of trans-acting factors necessary for centromere function (and therefore chromosome segregation) in their study of centromere-defective minichromosomes. These roles suggest that Klp3A could modify the effects of meiotic drive elements, such as simple ''centromere strength'' (Novitski 1955) . Alternatively, its role in pronuclear specification and/or migration suggests that it may mediate which chromosomes are included in the female pronucleus.
Functional studies: In addition to motivating further population genetics studies with more extensive sampling, our data provide the necessary information to carefully design preliminary experiments testing the effects of natural variants. For example, genes involved in chromosome segregation, such as mtrm and ord, could be subjected to nondisjunction assays, similar to the assay described for nod (Zwick et al. 1999) . In addition, genes that serve a role in crossover regulation are obvious candidates for an assay designed to detect differences in the rate of recombination in particular genomic intervals, and genes that may modify the transmission of meiotic drivers (such as centromeric or telomeric variants), based on their distinct patterns of polymorphism and divergence, can be tested using a nonrandom disjunction assay. Finally, it is worth noting that because several of our genes appear pleiotropic, it is plausible that testing the phenotypes of naturally occurring variants may more readily reveal interesting phenotypic effects that analyses of complete loss-of-function alleles cannot.
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